Metal alkylperoxides are remarkable, highly effective, yet often thermally unstable, oxidants that may react through a number of possible pathways including O-O homolytic cleavage, M-O homolytic cleavage, nucleophilic O-atom transfer, and electrophilic O-atom transfer. Here we describe a series of zinc alkyl compounds of the type ToMZnR (ToM = tris(4,4-dimethyl-2-oxazolinyl)phenylborate; R = Et, n-C3H7, i-C3H7, t-Bu) that react with O2 at 25 °C to form isolable monomeric alkylperoxides ToMZnOOR in quantitative yield. The series of zinc alkylperoxides is crystallographically characterized, and the structures show systematic variations in the Zn-O-O angle and O-O distances. The observed rate law for the reaction of ToMZnEt (2) and O2 is consistent with a radical chain mechanism, where the rate-limiting SH2 step involves the interaction of •OOR and ToMZnR. In contrast, ToMZnH and ToMZnMe are unchanged even to 120 °C under 100 psi of O2 and in the presence of active radical chains (e.g., •OOEt). This class of zinc alkylperoxides is unusually thermally robust, in that the compounds are unchanged after heating at 120 °C in solution for several days. Yet, these compounds are reactive as oxidants with phosphines. Additionally, an unusual alkylperoxy group transfer to organosilanes affords ToMZnH and ROOSiR3′. OOEt). This class of zinc alkylperoxides is unusually thermally robust, in that the compounds are unchanged after heating at 120°C in solution for several days. Yet, these compounds are reactive as oxidants with phosphines. Additionally, an unusual alkylperoxy group transfer to organosilanes affords To M ZnH and ROOSiR 3 ′.
INTRODUCTION
Reactions of alkylzinc reagents and O 2 provide environmentally and economically appealing approaches for useful oxidations, including epoxidations, 1 hydroxylations, 2 and peroxidations. 3 In addition, alkylzinc compounds and their reactions with oxygen are fundamentally interesting because zinc occupies a unique position as a nontransition-element and nonredox active divalent metal center whose chemistry nonetheless bears resemblance to the 3d metals. Reactions of (nonmetallic) alkylboranes and O 2 provide a close well-studied main-group system and are proposed to follow a radical chain based on compelling evidence from kinetic studies, inhibition by radical traps such as galvinoxyl, stereochemical studies, and spectroscopic radical trapping experiments. Galvinoxyl similarly inhibits the reactions of ZnR 2 and O 2 , 4 and additional evidence for open-shell alkyl, alkoxy, and alkylperoxy intermediates is provided by EPR spectroscopy of trapped species. 5 Oxygen initiates carbozincations, which is taken as evidence for a radical chain pathway. 6, 7 However, direct kinetic support for a radical chain reaction is limited, 4 and a rate law for the reaction of alkylzinc compounds and O 2 has not even been reported.
Furthermore, detailed mechanistic investigations of reactions between organotransition-metal compounds and O 2 have provided a number of mechanisms, including the radical chain, O 2 coordination/protonation, and direct insertion. 8 Likewise, several pathways have been proposed for oxidations and metal alkylperoxide formations involving main-group organometallic systems including zinc. 4, 5, 9 At one extreme,
• R or
• OOR, formed through a radical chain, could directly oxidize an organic substrate. A radical chain could also give discrete [Zn]OOR intermediates, or alternatively such alkylperoxyzinc species could form via electron-transfer steps that exclude the chain reaction. Low-temperature reactions of L 2 ZnR 2 (L = 4-methylpyridine, 1,4-diazabutadiene, 2,2′-(1′-pyrrolinyl)pyrrole) and O 2 that yield isolable and crystallographically characterized alkylperoxyzinc species provide support for the latter mechanism. 9c,10,11 However, the products of these reactions invariably contain multimetallic bridging alkoxides and/or alkylperoxides that can obscure the reaction mechanism.
Highly reactive, alkylperoxy main-group compounds [M]OOR (M = Mg, 12 Zn, 9c,10,13 Ga, 14 In) 15 have been prepared from organometallics and O 2 , although these systems are not amenable to quantitative kinetic investigations. For example, Parkin's seminal Tp t-Bu MgOOR compounds (Tp t-Bu = HB(N 2 C 3 H 2 t-Bu) 3 ; R = Me, Et, i-C 3 H 7 , t-Bu) are proposed to form through a radical chain pathway based on galvinoxyl inhibition, and the relative rates follow the expected stability of • R. 12 Interestingly, the analogous Tp t-Bu ZnR compounds and O 2 do not provide detectable quantities of Tp t-Bu ZnOOR. 16 The diketinimate ligand supports a monomeric aluminum tertbutylperoxide formed from alkane elimination with HOOtBu, 17 13 C NMR spectra. This spectroscopy is consistent with tridentate coordination of the tris(oxazolinyl)borate ligand to a single zinc center. Additionally, the 1 H NMR spectra contained diagnostic upfield resonances assigned to the α-CH of the Zn− R moiety. These spectral data are consistent with the monomeric structures and four-coordinate zinc centers confirmed by single crystal X-ray diffraction studies (see Figure  1 for 2 and Figures S-13−16 in the Supporting Information (SI) for 3 and 5−7).
Compounds 1−7 are resistant to thermal decomposition; for example, compound 2 was recovered quantitatively after thermolysis at 170°C for 24 h in a sealed NMR tube. Thus, initiation of the radical chain mechanism, proposed for reactions with O 2 (vide infra), is unlikely to involve spontaneous Zn−C bond homolysis in this system.
10a
Compounds 2−5 react with O 2 (1 atm) in benzene-d 6 over 3 days at room temperature, 6−8 h at 60°C, or 30 min at 120°C to form To M ZnOOR [R = Et (8), n-C 3 H 7 (9), i-C 3 H 7 (10), tBu (11)] as the only species detected (eq 1). These synthetic conditions highlight the remarkable thermal stability of 8−11 and strongly contrast the low-temperature preparation and kinetic lability typically associated with 3d transition-metal and many main-group alkylperoxides.
Compounds 8−11 form quantitatively, and evaporation of the reaction mixtures provides analytically pure products. Reactions of oxygen and alkylzinc compounds are known to often yield alkoxides rather than peroxides, and the synthesis of alkylperoxyzinc compounds typically requires carefully controlled conditions to avoid formation of alkoxides. Additionally, the general structural features of 8−12 are roughly similar to those of crystallographically characterized monomeric tris(pyrazolyl)borato transition-metal alkylperoxides.
18 These 3d transition-metal alkylperoxides are typically synthesized from hydroperoxides which limits the diversity of readily accessible alkyl groups. The preparation of 8−11 from O 2 , as well as the availability of cumylperoxy 12, provides a range of alkylperoxy zinc compounds for structural comparison.
Interestingly, the compound with the longest O−O distance contains the smallest Zn−O−O angle and shortest Zn−O β distance (Table 2) . Thus, the O−O distances follow the trend 10 < 8 < 12 < 11 that inversely tracks the Zn−O α −O β angles and the Zn−O β distances 11 < 8 ∼ 12 < 10. All of the Zn−O β distances in 8 and 10−12 are within the sum of Zn and O van der Waals radii (2.91 Å) but well outside the sum of covalent radii for Zn and oxygen (1.88 Å). 22 The nature of that interaction may be considered in the context of the systematically monomeric structures for 8−12 that contrast dimeric or oligomeric [To M ZnOR] n (R = Et, n-C 3 H 7 , i-C 3 H 7 ) compounds. As noted above, the spectroscopic and physical properties of To M ZnOR are more consistent with oligomeric structures. Thus, the Zn−O β interaction likely perturbs the atomic distances to a small but important degree to stabilize compounds 8−12 as the first structurally characterized monomeric zinc alkylperoxides. 
Mechanistic Investigations and Kinetics of
) which appears valid over at least three half-lives of the reaction time course. This rate law is consistent with a radical chain mechanism (Scheme 1) and is similar to empirical rate laws for autoxidation of organic compounds, organoboranes, 2 and a few O 2 insertions into transition-metal alkyls. Thus, our studies provide the first rate law-based support for a radical chain process for the interaction of alkylzinc species and O 2 .
The postulated radical chain mechanism includes a bimolecular homolytic substitution process (S H 2) at zinc that likely involves an electron transfer from the HOMO (the Zn− C bond) to 6 ) gives 14 (8 h, 120°C). Conversion of 15 to 14 is faster than the overall rate of alkylperoxide decomposition, making that step kinetically competent for the overall conversion. Thus, the ratedetermining step of conversion of 8−12 to 14 is O−O bond homolysis.
The thermal stability of the [Zn]OOR moieties is remarkable in comparison to related main-group and transition-metal species, and this may be at least partly related to the monomeric nature of compounds 8−12. We therefore further investigated their reactivity for comparison with zinc alkylperoxides known to have multimetallic or unknown structures. For example, rapid comproportionation of alkylzinc and alkylperoxyzinc compounds to alkoxyzinc species starkly contrasts the present system. 1 H NMR spectra of mixtures of alkylperoxyzincs 8−11 with the corresponding tris(oxazolinyl)boratozinc alkyl (2, 3, 4, or 5) or hydride 13 only contained signals assigned to starting materials, even after the mixtures were heated at 80°C for 12 h.
Despite their thermal stability, 8−12 are reactive in oxidation processes and group transfer chemistry. Compounds 8−12 readily react with phosphines, such as PH 2 Ph, PPh 3 , P(p-C 6 H 4 Me) 3 , and PMe 3 , to form the corresponding phosphine oxides via stoichiometric O-atom transfer (eq 4). Kinetic studies of stoichiometric phosphine oxidations, particularly on a series of isolable monomeric alkylperoxymetal compounds, are surprisingly rare even though a range of mechanisms are conceivable (and proposed in related metal−alkylperoxide systems), including radical chains via O−O bond homolysis to give alkoxyradical intermediates, 27 nucleophilic attack of the phosphine on an η 2 -peroxyzinc, and coordination of phosphine to zinc followed by nucleophilic attack by the alkylperoxide. 28, 29 Reaction rates for To M ZnOOt-Bu and PR 3 follow the trend PPh 3 < P(p-C 6 H 4 Me) 3 < PMe 3 < PH 2 Ph; PPh 3 reacts in less than 2 h at 60°C, whereas PMe 3 reacts in less than 5 min at ambient temperature. The second-order rate law −d- Eyring analysis of the reaction between 8 and P(p-C 6 H 4 Me) 3 provides ΔH ‡ = 9.5 ± 0.3 kcal·mol −1 and ΔS ‡ = −27 ± 1 cal·mol
. 30 The second-order rate law, activation parameters, and reaction conditions rule out a unimolecular mechanism for phosphine oxidation by To M ZnOOR involving oxygen−oxygen bond homolysis. 27 The rate of P(p-C 6 H 4 Me) 3 oxidation by 8−11 follows the size of the peroxyalkyl group (tBu < i-C 3 H 7 < n-C 3 H 7 < Et), but no relationship with Zn−O− O angles or O−O distances (obtained from the X-ray data) could be identified. Faster reaction rates with smaller alkyl groups suggest the mechanism involving nucleophilic attack of phosphine on an electrophilic alkylperoxide.
2.4. Alkylperoxy Group Transfer Reactivity with Hydrosilanes. In addition to the phosphine oxidation via Oatom transfer, metal peroxides are also known to oxidize C−H and Si−H bonds to give alcohol and silanol (SiOH) groups, respectively.
19b, 29, 31 In contrast, the To M ZnOOR compounds 8−12 react with organosilanes (HSiR′ 3 ) by peroxy-group transfer to silicon. For example, 8 and HSiMe 2 Bn react according to eq 5. This alkylperoxy-group transfer reactivity resembles previously observed alkoxy-group transfer to silicon from zinc alkoxides, 19b and that reaction is likely important in zinc-catalyzed dehydrocoupling of alcohols and silanes as well as hydrosilylation of carbonyls.
32 Related Si−O bond formations may be involved in transition-metal, rare earth, and main-group metal catalyzed hydrosilylations. 33 While zinc alkylperoxides may be hydrolyzed to alkyl hydroperoxides, 3, 34 the hydrolysis product is [Zn]OH. In the reactions here with organosilanes, To M ZnH is the product, and that gives a possibility for (future) catalysis (e.g., zinc-catalyzed hydrosilylation of O 2 ).
The empirical rate law for the reaction of 8 and BnMe 2 SiH of
) was measured from 288 to 320 K. The steric effects in this reactivity of the zinc alkyl peroxides also follow a similar trend as observed in phosphine oxidation:
, k 309K (9) = 1.17 ± 0.02 × 10 −2 , k 309K (10) = 1.9 ± 0.02 × 10 
37 Although a number of variables are not constant between these experiments (including variations in organosilane and metal center as well as various Si-E bond formations including Si−O, Si−N, and Si−C bonds), a rough empirical trend of isotope effect and activation parameters may be noted from the kinetic parameters associated with these reactions. In particular, metathesis reactions involving isovalent metal-mediated group transfer to silicon in which Si−H or Si− D bonds are broken have isotope effects closer to unity in highly ordered transition states (ΔS ‡ ≪ 0) and small enthalpic activation barriers. While these parameters are not correlated, 38 a negative ΔS ‡ and a small ΔH ‡ for a second-order elementary step together with a primary kinetic isotope effect ∼1 may indicate an early transition state in which little bond cleavage has occurred. More experiments, as well as theoretical treatments, that probe isotope effects and activation parameters of concerted Si−H bond cleavages/Si−E bond formations are still needed before significant conclusions may be drawn from these observations. This metathical pathway is apparently accessible because Zn−O and O−O bond homolysis pathways, which are common for transition-metal alkylperoxides, are not fast in this monomeric zinc system at moderate temperatures. Comproportionation reactions of peroxyzinc and alkylzinc compounds also are inhibited by the tris(oxazolinyl)borate ligand. Once these decomposition pathways are blocked, the reaction chemistry of peroxyzinc compounds provides several intriguing reactions and observations including a nonoxidative peroxy group transfer. • reacts with the thermodynamically stronger Pt−H bond rather than the Pt−Me moiety. 39 H-atom abstraction, however, is more plausible than
CONCLUSION
• CH 3 abstraction, and in this sense the Tp*PtHMe 2 oxidation is similar to autocatalytic oxidation of organic compounds (where weaker C−C bonds are less reactive than C−H bonds). While the zinc−carbon BDE's in 1−5 are expected to follow the trend 1 > 2 > 3 > 4 > 5 and the reaction rates with O 2 follow 5 > 4 ∼ 3 ∼ 2 (with 1 not reacting), the unreactive Zn−H bond in 13 is expected to be weaker than the Zn−C bonds. The reaction rate for Zn-Me, Zn-Et, and Zn-CMe 3 follows the expected trend from the BDE's, while Zn−H does not. Thus, unlike the selectivity (i.e., relative rates) of radical chains in autoxidation of hydrocarbyl species that are thought to be governed by C−H BDE's (tertiary > secondary > primary), the radical chains of these reactions are not entirely dominated by cleavage of the weakest Zn−E bond.
EXPERIMENTAL SECTION
4.1. General Procedures. All reactions were performed under a dry argon atmosphere using standard Schlenk techniques or under a nitrogen atmosphere in a glovebox, unless otherwise indicated. Benzene, toluene, pentane, diethyl ether, and tetrahydrofuran were dried and deoxygenated using an IT PureSolv system. Benzene-d 6 Caution! High-pressure glass apparatuses, reactions of oxygen and reduced compounds, and peroxide-containing materials must be handled with care. Isolated alkylperoxide compounds 8−12 were tested for possible explosive properties, and they did not ignite with attempted initiation under thermal, physical, or electrical stress. Regardless, only small quantities of alkylperoxides were prepared at a single instance. Thick-walled NMR tubes equipped with J. Young-style resealable Teflon valves (pressured to 100 psi with O 2 ) were obtained from Wilmad-Labglass and attached to a high-pressure steel manifold through commercial Swagelock fittings.
8c The tubes were handled in protective jackets for safety concerns. Due to the potentially pyrophoric and explosive nature of silylalkylperoxides, 26 the BnMe 2 SiOOR (R = Et, n-C 3 H 7 , i-C 3 H 7 and t-Bu) species were not isolated; these compounds were characterized in solution and compared with the corresponding BnMe 2 SiOR using 1 H, 13 (6) . To M ZnCl (0.206 g, 0.426 mmol) and PhLi (0.036 g, 0.430 mmol) were dissolved in THF (12 mL) and stirred for 8 h at ambient temperature. A white solid was obtained by evaporation of the volatile materials, and the residue was extracted with 12 mL of benzene. Evaporation of the benzene, followed by pentane washes (3 × 5 mL) and drying under vacuum provided crystalline, analytically pure To M ZnPh (0.207 g, 0.394 mmol, 94.5%). X-ray quality single crystals were grown from a concentrated toluene solution of To M ZnPh at −30°C. 
